Introduction
Transport at the nanoscale requires overcoming challenges unique to the length scale, including Brownian motion, low Reynolds number conditions, and difficulty in directly interfacing with and manipulating structures. 1 In living organisms, such transport is achieved, at least in part, by a group of enzymes known as motor proteins that dissipate chemical energy for the active translocation of biomolecular constituents and organelles within the cytoplasm. Because of their central role in cellular transport, motor proteins have been broadly studied as a model system for achieving nanofluidic transport in synthetic and hybrid systems. 2 In particular, the intracellular transport system composed of kinesin motors and microtubule (MT) filaments has been used for the active assembly of composite nanomaterials, [3] [4] [5] [6] as well as the development of hybrid "smart dust" sensors. [7] [8] [9] Kinesin motor proteins consist of two heads that hydrolyze adenosine triphosphate (ATP) and propagate processively via a hand-over-hand motion along tracks formed by ~ 25 nm diameter MTs. Researchers have investigated several ex vivo methods to control kinesin motion, or in the inverted motility assay, MT motion on kinesin-coated surfaces. For example, the availability of fuel may be controlled using light or pH, and in turn regulate kinesin motion. 10, 11 Motion can also be inhibited by the binding of small molecules to selected regions of the kinesin molecule [12] [13] [14] or by rendering a kinesin-coated surface unable to bind MTs (i.e., through electrostatics or steric hindrance). 15, 16 All of these strategies, however, have focused on the initiation or suppression of motion, and not control of the vector of motion. Control of ex vivo transport vectors has primarily relied on physical 11, 17, 18 or chemical 19 patterns to direct MT motion on kinesin-coated surfaces (i.e., the inverted motility assay). However, the majority of these approaches require lithographic patterning and permit no dynamic control over the resulting vectors, which generally limits the MT trajectories to those of the original pattern. Further, MTs can escape physical or chemical barriers, leading to stalling or undesired motion. 20 MTs have demonstrated the capability of traversing physical barriers as much as 40 times their height (e.g., up to 1 µm 11 ). None of these approaches permit dynamic alteration of the trajectory of a MT in motion. Apart from patterning approaches, control of MT vectors can be achieved by external fields, such as fluid flow, 21, 22 electrical, 23, 24 and magnetic [25] [26] [27] fields. Fluid flow has been used to align MTs in a specific orientation and to enable unidirectional transport of kinesin and associated cargoes in a pre-selected direction 21, 22 . More promising approaches toward dynamic vector regulation involve the use of external fields with the capability of investigator control. For example, Dekker et al. showed that MT trajectory could be altered by electrophoretic motion in an external electric field 24 . In the inverted motility assay, MT motion is directed by Brownian motion at the MT tip as it progresses from motor to motor. By applying an electric field to a charged tip, the trajectory of a investigated the potential of magnetic fields to dynamically alter MT motion. Magnetic fields are particularly attractive for MT vector control because they can deliver programmable fields to specific micro-regions without the need for repeated lithography. Magnetic fields have been used to align MTs along magnetic field lines 29 , similar to flow-based approaches, 21, 22 and to direct MT binding to a surface 27 , similar to electrophoretic methods; 23 thus, combining best attributes of several alignment and steering methods. Further, proof of concept for dynamic alteration of MT trajectory has been demonstrated. 26 Hutchins et al. showed that CoFe 2 O 4 magnetic nanoparticles attached to the leading edge of MTs may be used to alter their motion in the presence of a simple NdFeB cube magnet. In that work, altering MT trajectories was achieved by varying the separation distance between the magnet and the MTs to regulate the magnetic field strength, but with little opportunity for finely tuned, dynamic control. Here, we examine dynamic alteration of MT motion in situ using programmable, micro-patterned magnetic fields. These fields can be tuned via joystick or voice commands to precisely manipulate objects ranging from ~ 10 nm to microns in size, including micro-and nano-particles and magnetically-labelled cells and molecules. [30] [31] [32] The two dimensionality of the array of microscopic patterns also enables easy platform integration with microfluidic channels and allows for single-focal plane, real time observation of individual or multiple living organisms. This manipulation set-up thus offers far more accurate selection than data averaging over a population of MT shuttles.
To render MTs gliding on a kinesin surface responsive to magnetic field gradients, MTs were combined with magnetic quantum dot (i.e., MagDot) cargoes. The MagDot cargoes consist of micelles containing (1) superparamagnetic iron oxide nanoparticle (SPION) constituents that permit control of motion and (2) fluorescent quantum dot (QD) components that permit quantification through real-time optical characterization. This approach thus provides specific directional control, can potentially process multiple molecules in parallel, and integrates optical tracking with dynamic movement via the fluorescent MagDot element, permitting real time observation of MT shuttles.
Results and discussion

MagDot-Labelled Microtubules
We investigated the potential of controllable magnetic gradients to dynamically influence MT motion. In contrast to previous approaches, 26, 27, 33 MTs were labelled with MagDots, consisting of ~40 nm diameter block co-polymer micelles encapsulating QD and SPION nanoparticles ( Figure 1A ,B). 30 Thus, fluorescence signal was provided by the nanoparticle cargoes themselves, permitting MagDot organization along the MT to be characterized. MagDots were assembled on the surface of MT filaments using an avidin sandwich approach ( Figure 2A ,B), enabling structures with well-defined shapes to be obtained. 4 This approach enabled hierarchical assembly of nanoparticles that bridged the nano-(i.e., micellar selfassembly) to micron-length (i.e., MT filament) scales. It has been previously reported that conjugation of nanoparticle cargoes can slow MT motion. 27, 34 Therefore, an in situ conjugation approach was employed in which nanoparticles are loaded onto the MTs as they are being propelled by the surface-bound kinesin motors. Because MagDots bind to exposed surfaces of kinesin-bound MTs, steric hindrance is minimized. This approach has previously been used to obviate cargo-induced slowing of MT velocity. Please do not adjust margins Please do not adjust margins To confirm that transport was not affected by MagDot conjugation, cargo transport across a kinesin-coated surface was evaluated at high MT density in the gliding motility assay (Movie S1, Figure 3 , Modification ratio ~ 23 MagDots/µm, calculated as described in Materials and Methods) at modification ratios of 2 to 50 MagDots/µm of MT length, representing potential surface coverages of ~ 8% to saturation (> 20, assuming 100% of MagDots attached). For example, for 100 MTs selected at random from Movie S1, the average speed was 1.4 ± 0.9 µm/s. At values above 25, MTs did not move, or if MagDots were introduced before attachment to kinesin-coated surfaces, did not attach, consistent with prior findings. 3, 34 Movement was observed for modification ratios of 5-25, whereas modification ratios lower than 2 resulted in insufficient fluorescence to view MTs. Thus, nanoparticle modification could diminish MT movement as saturation was approached, but did not appear to provide noticeable impediment to MT transport via ATP-mediated mechanisms at lower concentrations.
We also evaluated the types of motion evidenced by MTs in Movie S1, including the average change in angle as a function of time (∆ߠ ത ) (geometry shown in Supplemental Figure  1 ). In the absence of magnetic fields, Brownian motion at the tip dictates MT trajectory. Thus, Gaussian behaviour would be expected. As anticipated, we observed both straight (83%) and bent (17%) MT trajectories, and ∆ߠ ത was a Gaussian centred at 0.06 deg with a standard deviation of 2.52 deg ( Figure 4 ). The probability of bending is influenced by Brownian motion, but is also a function of MT length (average MT length for Movie S1 is shown in Supplementary Figure 2) . Please do not adjust margins
Microtubule Deflection and Capture in Dynamic Magnetic Fields
Please do not adjust margins
Control of the MT motion was achieved using tunable magnetic traps located at vertices of nanoscale zigzag cobaltiron wires patterned onto a silicon chip. Strong magnetic field gradients near wire vertices attract constituent MagDots; and therefore, are capable of guiding MT motion toward the wire vertices. An external, out-of-plane magnetic field can strengthen the attractive magnetic force, whereas reversing the direction of this out-of-plane field weakens the attractive force or makes it weakly repulsive ( Figure 5 ). A zig-zag micropatterned magnetic nanowire platform was used to modify the direction of MTs undergoing ATP-driven, biological motion ( Figures 6-7 , Movies S2-S4) by using magnetic forces to pull MTs toward wire vertices. In addition, by modifying external magnetic fields, the force pulling the MTs could be modified, removed, or reversed, thus, permitting dynamic, investigator control of the timing and directionality of motion. In contrast, MT shuttle systems based on biological or biomimetic approaches 11 provide limited control over directionality.
We first evaluated the ability to modify trajectory as a function of MagDot modification ratio. Consistent with control experiments (Movie S1), increased MagDot modification ratio was correlated with decreases in MT speed (Table 1 ) (i.e., 2.8, 2.3, and 1.1 µm/s for modification ratios of 13, 20, and 23 MagDots/µm MT length, respectively). MTs did not appreciably respond to the patterned magnet vertices at modification ratios below 10 MagDots/µm.
Additionally, we observed that the ability to manipulate MT trajectory was dependent on MT length. MTs > 15-20 µm did not respond to the magnetic gradients employed in this system. Bending energy is related to MT length, L, via
where ݇ is Boltzmann's constant, ܶ is temperature, ‫ܮ‬ is the MT persistence length, ܴ is the MT radius of curvature, so longer MTs may be more difficult to bend and steer. In particular, whereas the persistence length of MTs has reported to be 1-10 mm, 35 it has also been shown that the persistence length is inversely correlated to the contour length. 36 Thus, the inability to effectively guide long MTs with magnetic fields may be related to an increase in their persistence length and the required energy to bend and steer them. To this point, significantly straighter trajectories in the gliding motility assay have been reported when the persistence length of MTs is increased by the addition of divalent metal ions. 37 Moreover, the persistence length of Figure 6 . MT shuttle trajectories altered by applied magnetic force. A) The microassembly moves in a linear fashion, then, under the influence of the magnetic trap, is deflected and changes direction near consecutive rightward-facing vertices, continuing in a linear manner after leaving the vicinity of the vertex. In this case, the magnetic trap is not strong enough to fully capture the MT. B) When the magnetic trap is capable of fully capturing the MT, the microassembly undergoes circular motion and is contorted into a circular shape. require considerably less energy to bend and steer them with magnetic fields. The MTs observed in Movies S2-4 were short: 2.9, 2.0, and 2.7 µm, respectively. We observed two MT behaviours resulting from modifying the trajectories of a mobile MT using engineered magnetic fields. First, upon passing nearby a vertex, a MT can deflect its motion briefly toward the vertex and continue in a straight trajectory, analogous to the unbound hyperbolic motion of a projectile attracted to a central potential ( Figure 6A , Figure 7A -B, Movie S2-3, Modification ratios: 20 MagDots/µm, 13 MagDots/µm, respectively). The magnetic field varies as a function of distance from each vertex ( Figure 5C) ; and based on analysis of the MT trajectories ( Figure 7 , Table 1 ), including speed and change in angle (∆ߠ ത ) as a function of time, we observe magnetic steering of MTs when the distance from the vertex ‫ݎ(‬ Ԧ) is < ~1.5 µm. Table 1 . Average nanoparticle loading (NPs/µm), MT speed ‫ݒ(‬ ത), change in angle with respect to the x-axis (∆ߠ ത ), and angles of entry and exit with respect to the vertex (φ) with and without a magnetic field. (See Supplementary Figure 1 for geometry employed). Field is defined as active for MTs within 1.5 µm of a vertex (vertex). No field was defined as points more than 1.5 µm distant from a vertex, or points after the field was removed (no vertex).
To demonstrate investigator control of magnetic deflection, the external magnetic field was reversed, turning off the trap, at 8 and 5 s in Movie S2 and S3, respectively (frame 64 and 40, respectively). Thus, in Movie S2, the MT is initially moving in a linear trajectory, and encounters 2 vertices before the field is reversed. In both cases, θ changes rapidly in the vicinity of the vertex compared to changes at distances > 1.5 µm from vertex or without applied magnetic field ( Figure  7A , D, and G; Table 1 ). The average speed nearly doubled near vertex 1, but was ~ 6% lower near vertex 2, possibly indicating the effect of repulsive and attractive vertices, respectively.
Similarly in Movie S3, θ changes dramatically near the vertex, and speed is reduced by ~ 8% ( Figure 7B, E, H) . In the absence of a field or when ‫ݎ‬ Ԧ exceeds 1.5 µm, the MT continues in a relatively straight trajectory with little ∆ߠ ത because the magnetic force is sufficiently weak.
In Movies S2-3, two types of deflection responses are observed. When the MT entered the vertex parallel to the first vertex arm (φ entry ~ 0°) then the MT exited the vertex roughly perpendicular to the vertex tip (φ exit ~ 39°). When the MT entered the vertex roughly perpendicular to the vertex tip (φ entry ~ 39°), then the MT was attracted to the second vertex arm, exiting parallel to it (φ exit ~ 78°). These results clearly indicate that magnetic fields can alter MT trajectories in an investigator controlled manner.
Second, we also observed that, on rare occasions, MTs which pass close enough to a wire vertex ‫ݎ(‬ Ԧ < 0.5 µm) are capable of being confined to the vicinity of a wire vertex, induced to form an approximately circular shape, and made to move in an approximately circular motion near the vertex ( Figure 6B, Figure 7 C, F, and I; Movie S4, Modification ratio: 23 MagDots/µm). The latter behaviour requires that MT be sufficiently close to the trap; the trap must be attractive rather than repulsive; and, the kinesin motor propulsion force must be sufficiently low that the trap force can overcome linear motion. The angular trap force is a function of ‫ݎ‬ Ԧ and MagDot labelling. The lateral angular trapping force rises dramatically with MT proximity to the vertex ‫ݎ(‬ Ԧ), as our calculations indicate ( Figure 5C ). For example, we estimate that as the MT approaches the vertex, the attractive force on a 50 nm SPION located 150 nm above the trap surface increases by about 50 fold as it moves from an ‫ݎ‬ റ of 0.5 to 0.125 µm (position 2 to 1, Figure 5B -C) from the vertex. Therefore, if the angular trap force is high, the ATP-mediated MT propulsion will be insufficient to escape the magnetic trap. In this case, the leading tip of the MT becomes pinned by the magnetic field, and the force of the motors pushing on the MT initiates bending of the MT into a circular shape resulting in circular motion. To the best of our knowledge, this is the first report in which a kinesin-translocated MT is deliberately pinned, 4, 24, 38 which suggests the potential use of magnetic force to temporarily "pause" transport. By reversing the magnetic field, we could potentially un-pin the MT. Such a feature suggests that engineered magnetic fields could also be exploited to create MTs with new shapes, beyond those achievable through typical manipulations.
Forces Applied to MTs by Magnetic Nanowire Traps
Although some MTs were observed to bend in the absence of magnetic fields (Movie S1), the radius of curvature observed in MTs exposed to engineered magnetic fields can be substantially smaller than that observed in the absence of magnetic forces (i.e., ~ 0.5 µm vs. 2-12 µm, Table 2 ). The bending energy ‫ܧ(‬ ௗ ) was calculated for each of the 3 MTs with the greatest degree of curvature in Movie S1, and these were found to be 1-2 orders of magnitude lower than the energy that could reasonably be provided by the motors ‫ܧ(‬ ெ௧௦ ), suggesting that the kinesin motors are responsible for the observed bending ( To confirm the role of magnetic fields in inducing bending in Movies S2-4, ‫ܧ‬ ௗ was calculated for each MT. In Movies S2-3, no pinning behaviour is observed and ‫ܧ‬ ௗ is less than ‫ܧ‬ ெ௧௦ , indicating that the magnetic force is insufficient to overcome the force provided by the kinesin motors, which could have potentially resulted in MT pinning. However, in Movie S4, ‫ܧ‬ ௗ is 78.7 x 10 -18 J vs. 21.2 x 10 -18 J estimated to be provided by the motors. Thus, in this case, the magnetic force is necessary for overcoming the motor force and pinning the MT. These results clearly highlight the role of magnetic forces in generating curvature and inducing pinning behaviours. The energy contribution from the magnetic trap can also be calculated based on the magnetic field gradient and the externally applied magnetic field, if known; however, it will vary drastically based on the number of particles bound to each MT, their size, and their position relative to the vertex. Table 2 : Bending energy and energy provided by motors for MTs in Movies S1-4. For Movie S1, no field is applied. Movies S2-S4 fields are applied during the first 8 s, 5 s, and the entire viewing period, respectively. The length (L) and radius of curvature (R) are reported and were used to calculate the bending energy as described in Supplemental Material. Note, that Movie S4, which displays pinning behaviour, requires substantially more force than motors are capable of providing to explain the observed behaviour, suggesting that magnetic trapping is occurring.
Conclusions
Here, we show that programmable magnetic traps can dynamically control the motion of MT shuttles. Such manipulation technology may be ideal for biological systems and biomedical applications because directional changes in motor-based transport may be induced non-invasively. This method has several advantages to other molecular transport approaches, such as force microscopy 39, 40 and molecular rockets 41, 42 , because it is non-toxic and non-invasive, provides specific directional control, processes multiple molecules in parallel, and integrates tracking with the fluorescent MagDot element. This technology may be further enhanced by incorporation of microfluidics to offer more sophisticated control of flow on the magnetic arrays and permit future integration with existing lab-on-a-chip technologies. Additional biological processes beyond cytoskeletal transport, such as DNA robots, could be explored to add functionality. MT nanowire magnetic manipulation thus offers enhanced opportunities for nanofabrication, molecular separation and analysis, and single molecule research.
Experimental Micelle Synthesis
Micelles containing nanoparticles were synthesized by the interfacial instability method as described previously. 30, 43 Briefly and SPIONs (100 µl, 3.45 µM) were then mixed. Then, 210 µl organic mixture was dispersed in 800 µl of 5 mg/ml aqueous poly(vinyl alcohol) (PVA, 13,000-23,000 Dalton, 87-89% hydrolyzed, cat no. 363170, Aldrich) solution to obtain an emulsion. Chloroform was evaporated from this emulsion to obtain clear and transparent micelle dispersion.
Micelle Functionalization
Carboxylated micelles were then functionalized with biotin for MT binding via avidin-biotin bonding. Pentyl-amine biotin (Cat. No. 21345, Thermo Scientific) was conjugated to carboxylated micelles through N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) chemistry. 44 Briefly, carboxylated micelle solution in water was resuspended in 2-(N-morpholino)ethanesulfonic acid (MES, Cat No. M8902, Sigma) buffer at a pH of 5.7 and was mixed with EDC (Cat No. 22980, Thermo Scientific), sulpho-N-hydroxysuccinimide (NHS) (Cat No. 24510, Thermo Scientific) and pentyl-amine biotin at the molar ratio of HOOC-PS-PEO: EDC: sulpho-NHS: Biotin 1: 1000: 2500: 100. The reaction mixture was stirred overnight at room temperature. Biotin-functionalized micelles were then dialyzed against deionized water to remove unreacted reagents.
Transmission Electron Microscopy (TEM)
Images of micelles were obtained using an FEI Tecnai G2 Bio Twin TEM. 10 µL sample droplets were pipetted onto a clean silicone pad. Samples were placed on formvar/carbon-coated nickel grids by keeping the grid over the sample droplet for 2 minutes. Phosphotungstic acid (PTA, 1%) was used for negative staining. The grid loaded with sample was placed on a 10-µl drop of PTA for 2 minutes. The excess liquid was wicked away using filter paper. The grid was then imaged and TEM images were collected. 
Microtubule Polymerization
Motility Assays
A capillary flow chamber was constructed on a glass slide using double-sided tape and a coverslip. the flow chamber and incubated for 5 min. Biotinfunctionalized micelles containing both QDs and SPIONs (i.e., biotin-MagDots) were re-suspended in motility solution, and 20 µl solution (0.1 µM) was introduced to the flow chamber and incubated for 5 minutes. 20 µl of motility solution was then flowed through the chamber to remove unconjugated micelles. After 5 min, the flow chamber was imaged on an inverted Olympus IX-71 microscope equipped with a 100X oil immersion objective and an EMCDD camera (Photometrics). All images and data were captured at room temperature.
Fabrication of Magnetic Traps
Electron beam lithography was used to pattern the magnetic structures that applied forces to MTs. Two layers of e-beam resist (methylmethacrylate and polymethyl methacrylate) were spin-coated at 4500 rpm onto silicon wafers and baked at 180 ºC for 60 s. Patterns of zigzag wires with a vertex-to-vertex distance of 4 μm and width ~400 nm were exposed using a scanning electron microscope (FEI, Hillsboro, OR, USA) and developed, followed by a deposition of 40 nm of Fe 0.5 Co 0.5 via magnetron sputtering. An external magnetic field (~1,000 Oe) was applied to the wires and then removed to establish the magnetization profile of the wires, ensuring the creation of domain walls at each vertex. The domain wall polarity, either head-to-head or tail-to-tail, alternates at consecutive vertices. Substrates were then coated with a 1 nm permalloy seed layer and a 5 nm gold layer by magnetron sputtering, cleaned by UV ozone for ~10 min, and incubated in a 1 mM polyethylene glycol (PEG)-SH (molecular weight 5000, Laysan Bio, Arab, AL, USA) solution in ethyl alcohol for at least 1 hr, creating a thiol-bound PEG monolayer. The surface was then rinsed in ethyl alcohol and deionized water and dried with pressurized air. The PEG monolayer aids in preventing biofouling and non-specific binding and increases the hydrophilicity of the surface. The substrates were then coated with ~100 nm of spin-on glass (Silicafilm, Emulsitone Co., Whippany, NJ, USA) to protect the magnetic structures and to make the surface consistent.
Magnetic Manipulation of Particles and Assemblies
A magnetic trapping and manipulation system consists of the patterned zigzag wires on a silicon substrate, two pairs of electromagnets for applying in-plane magnetic fields (H xy ), and a solenoid coil for an applying out-of-plane field (H z ). The outof-plane field acts to strengthen, weaken, or reverse the magnetic traps ( Figure 5 ). The system was mounted on the stage of a reflected fluorescence microscope (Olympus BX 41). A 5-µl sample drop was placed on the substrate, which was covered with a coverslip and immersion oil. An out-of-¬plane field (H z ) of ~100 Oe was applied upward, which allows magnetic particles to be trapped at specific locations. At selected time points, the direction of H z was switched by reversing the current in the solenoid coil, moving magnetic structures between wire vertices.
Fluorescence Imaging
Fluorescent imaging was performed using an Olympus IX71 fluorescent microscope with a 100x oil immersion objective, a 100 W mercury lamp, λ ex = 488 nm, long-pass emission filter, and an EMCDD camera (Photometrics).
Image Processing and Analysis
Image processing and analysis was conducted using Image J image analysis software by combining brightfield background images showing the wire arrays with fluorescence images showing the MTs. For each movie, the x, y positions of MTs were evaluated as a function of time and used to calculate the average MT speed and ∆ߠ ത as a function of time. For Movie S1, 10 randomly selected MTs in each 50 sequential frames were evaluated for a total of 100 MTs, whereas the displayed MTs were evaluated in Movies S2-4. Please do not adjust margins
Calculation of MagDot Modification
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The number of MagDots per unit MT length was calculated by determining the integrated fluorescence intensity from the frame of highest intensity (to minimize effects of quantum dot blinking) and dividing by the average fluorescence intensity of a single MagDot, as described previously. 45 
